Influences of composition on magenetostriction of Fe-Sm alloy thin films prepared by D.C. magnetron sputtering process were investigated. Composition of formed film was ranged from 24 to 59 at%Sm. Negative, that is, compressive magnetostriction was observed of FeSm thin films. The magenetostriction of thin films was varied with composition rate of Fe-Sm alloy. The giant magnetostriction (GM) over 1000 ppm at 1200 kA/m was observed from 24 to 34 at%Sm for Fe-Sm amorphous film. The limited value of GM at 1200 kA/m was 1280 ppm of Fe-29.3 at%Sm alloy film.
Introduction
The RFe 2 type cubic Laves phases of rare earth metals (R) and iron (Fe) such as TbFe 2 and SmFe 2 show giant magnetostriction. 1) To enhance the magnetostriction at low magnetic field, the magnetic anisotropy decreases. Although addition of Tb, Dy, Ho, Er, Tm and Yb to iron maintains high magnetostriction, the alloying decreases the constants (K 1 and K 2 ) of magnetic anisotropy.
2) Clark et al. have developed Terfenol-D (Tb 0:3 Dy 0:7 Fe 2 ). It is pesoied binary system of TbFe 2 (movable axis [111] ) and DyFe 2 (movable axis [100]), which K values are positive and negative, respectively. Thus, the alloying minimizes the K value. The Terfenol-D (Tb 0:3 Dy 0:7 Fe 2 ) crystalline compound shows the high power and giant magnetostriction. However, it shows the high crystal anisotropy. Thus, it is difficult to obtain the large magnetostriction driven by low magnetic field.
An RF-magnetron sputtering process, which film is often magnetic isotropic amorphous phase, is a useful tool to prepare the sensor and micro-actuator. By using the RFmagnetron sputtering process, the maximum value of magnetostriction below 500 ppm has been found for thin films from 30 to 35 at%Tb 3) and from 35 to 40 at%Sm. 4) Applications of wireless acoustic sensor and tiny actuator with high power, driven by low intensity of magnetic field and/or low electrical potential, have been expected. 5, 6) On the other hand, a DC magnetron sputtering process shows the high deposition rate (about 8 nm/s), higher than that (about 2 nm/s) of RF magnetron sputtering process. Since the high deposition rate of DC magnetron-sputtering process prevents to crystal lattice formation and enhances the defects density, it is easy to form homogeneous amorphous film. If amorphous structure film is obtained by DC magnetron sputtering process with the high deposition rate, the magnetic anisotropy becomes small. The small anisotropy enhances the magnetostrictive susceptibility related to responsiveness. Namely, to obtain the reproducible magnetostriction induced by broad energy distribution of discharged plasma and easy controllability of film composition, morphology and structure, a DC magnetron-sputtering process with the high deposition rate is useful to prepare the homogeneous amorphous alloying film, which composition is homogeneously distributed.
To apply a high responsiveness light ray-scanning device, the Fe-Tb alloy film with giant positive (expansive) magnetostriction above 1000 ppm has been prepared by DC-magnetron sputtering process. 7) Although the giant compressive (negative) magnetostriction above 1000 ppm has been just detected for the Fe-33 at%Sm in Fe-Sm crystalline alloy, the magnetostriction below 200 ppm has been found for the other Fe-Sm crystalline compositions. Since the giant compressive magnetostriction above 1000 ppm is also expected for Fe-Sm amorphous alloy thin film, the composition dependent magenetostriction of Fe-Sm alloy thin films prepared by DC-magnetron sputtering process with high deposition rate has been investigated.
Experimental Procedure
A unimorph structural mover device was driven by giant compressive magnetostrictive Fe-Sm alloy film deposited on a (100) plane of silicon wafer. When an applied magnetic field loaded the magnetostrictive thin film, a bending movement was obtained.
The Fe-Sm alloy thin film was prepared by using DCmagnetron sputtering apparatus. The minimum vacuum pressure before argon sputtering, leak rate of the chamber and the sputtering pressure of argon gas (5N) were 5:0 Â The film composition was analyzed by Energy dispersive X-ray spectroscopy (EDS). The film thickness was measured by cross sectional image of scanning electron microscope (SEM). Crystalline structures of the prepared film were determined by -2 method of thin film X-ray diffraction (Cu-K; X'Part-MRD, PHILIPS), where irradiation angle to sample plane was 1.5 deg.
The magnetostriction (Á == ) of film was measured by a bending cantilever method using a He-Ne LASER under magnetic fields from À1200 to 1200 kA/m and was estimated by a following equation, 8 )
Here, t s and t f were the thickness values of silicon substrate and Sm-Fe films, respectively. d and l were the bending displacement of the sample and distance of clamp and spot of LASER on film, respectively. The E s and E f values, the Young's modulus of silicon substrate and Fe-Sm film, were assumed to be 130 9) and 40 GPa.
10)
3. Experimental Results Figure 1 shows reversible changes in magnetostriction () against applied magnetic field (H) from À1200 to 1200 kA/m. Composition of formed film was ranged form 24.7 to 43.5 at%Sm. Negative, that is, compressive magnetostriction was obtained of amorphous Fe-Sm thin films. The magenetostriction values were varied by composition ratio of Fe-Sm alloy films. When the saturated value of magnetostriction was defined at 1200 kA/m, the compressive giant magnetostriction (GM) over 1000 ppm was observed for Fe-Sm alloy films of 24.7, 29.3 and 33.5 at%Sm. The energy loss of -H curve of high magnetostrictive film was also smaller than that of low magnetostrictive Fe-43.5 at%Sm film below 1000 ppm.
To confirm the film composition, it was analyzed by Energy dispersive X-ray spectroscopy (EDS). The iron and samarium elements were homogeneous distribution. Figure 2 shows X-ray diffraction pattern of Fe-Sm films at different compositions. A remarkable crystalline peak at 28.5 11) was observed for Fe-43.5 at%Sm (SmFe 1:3 ) alloy, although broad unremarkable crystalline peaks were also found in Fe-Sm alloys. The 28.5 peaks were probably Sm alloy crystalline and Sm 2 O 3 crystalline phases.
If
Amorphous structure means the glass and fine crystalline which X-ray diffraction crystalline peaks were not remarkably detected. When an amorphous phase was formed, the broad profiles from 30 to 50
were found in Fe-Sm alloy thin film (see Fig. 2 ). Figure 3 shows composition dependent magnetostriction at AE1200 kA/m of Fe-Sm alloy thin film from 27 to 37 at%Sm. The magenetostriction of thin film was varied with composition ratio of Fe-Sm alloy. The compressive giant magnetostriction (GM) over 1000 ppm at 1200 kA/m was observed from 27 to 34 at%Sm for Fe-Sm alloy films. The limited value of compressive GM at 1200 kA/m was 1280 ppm of Fe-29.3 at%Sm alloy film. Figure) . Figure 4 also shows composition dependent magnetostriction at AE1200 kA/m of Fe-Sm alloy. The magenetostriction of bulk crystalline and thin film was varied with composition ratio of Fe-Sm alloy. The samarium addition enhanced the compressive magnetostriction. The giant compressive (negative) magnetostriction above 1000 ppm was found in the Fe-33 at%Sm crystalline alloy, although the magnetostriction below 200 ppm was found for the other FeSm crystalline compositions. On the other hand, the giant compressive magnetostriction above 1000 ppm is observed from 27 to 34 at%Sm in Fe-Sm amorphous alloy thin film prepared by DC-magnetron sputtering process with high deposition rate.
Discussion

SmFe 3 crystalline annihilation by amorphous formation
Although the magnetostriction of bulk crystalline SmFe 3 alloy was apparently lower than that of SmFe 2 alloy (see Fig. 4 ), an iron addition to SmFe 2 amorphous alloy film didn't decrease the magnetostriction from 67 to 75 at%Fe. The amorphous formation, prepared by DC-magnetron sputtering process with rapid deposition rate, prevented to form the crystalline phase of SmFe 3 alloy with low magnetostriction. Thus, the iron addition didn't largely decrease.
Formation of giant magnetostrictive amorphous
alloy The samarium addition from 24 to 29 at%Sm enhanced the compressive magnetostriction for Fe-Sm alloy films. The excess samarium addition from 30 to 42 at%Sm of the film enhanced the compressive magnetostriction. The maximum value was 1280 ppm at 1200 kA/m of magnetic field of Fe-29.3 at%Sm (SmFe 2:5 ) thin amorphous film.
The giant magnetostriction was caused by size difference of Sm and Fe ions, which ionic radii were 0.111 nm for Sm 2þ and 0.082 nm for Fe 2þ , respectively. 13) The iron addition to SmFe 2 amorphous alloy decreased the mean atomic distance between Sm and Fe ions. On the other hand, when the magnetic field loaded to the expansive (positive) magnetostrictive materials, the tensile stress occurred parallel to applied magnetic field direction. Thus, the compressive stress, loaded without applied magnetic field, enhanced the apparent magnetostriction. This phenomenon was often observed. 14) On the other hand, an opposite phenomena should be generated for compressive (negative) magnetostriction. When the tensile stress, parallel to magnetic field direction, was loaded before magnetic field loading, it enhanced the apparent compressive magnetostriction for negative magnetostrictive materials. Based on the explanation, the magnetostriction enhancement was mainly caused by the decrease in mean atomic distance in amorphous alloy, as well as SmFe 3 crystalline annihilation by amorphous formation. Therefore, the giant magnetostriction values were obtained from 24.7 to 33.5 at%Sm for Fe-Sm alloy amorphous films.
Discussion for low magnetostriction
As shown in Fig. 4 , the low values of compressive magnetostriction of Fe-Sm alloy films, ranged below 25 at%Sm and above 35 at%Sm, were varied from zero to À1000 ppm. If the amorphous film was assumed to be a fine crystalline SmFe 2 alloy with high magnetostriction, the high compressive magnetostriction of SmFe 2 amorphous films ranged from 29 to 34 at%Sm, was explained. Thus, the iron addition from 0 to 67 at%Fe enhanced the compressive magnetostriction.
On the other hand, if the amorphous film was assumed to be a fine crystalline SmFe 3 alloy with low magnetostriction, the low magnetostriction of SmFe 3 amorphous films was explained. Thus, the iron addition from 71 to 74 at%Fe decreased the compressive magnetostriction, as shown in Fig. 4 .
Based on the results, the influence of the Sm addition to SmFe 2 amorphous phase on magnetostriction was explained and ) are for polycrystalline and single crystal, respectively. 15) by volume fraction in amorphous phase. The fraction decrease was caused by crystalline formation of Sm solid solution with non-ferrous magnetization and by oxidation to form samarium oxide with anti-magnetization. Thus, the Sm addition above 30 at%Sm decreased the magnetostriction of amorphous films.
Conclusion
Composition dependent magenetostriction of Fe-Sm alloy thin films prepared by D.C. magnetron sputtering process was investigated. Compressive magnetostriction was obtained of Fe-Sm thin films, which composition of formed film was ranged form 24 to 59 at%Sm. The magenetostriction depended on composition ratio of Fe-Sm alloy thin film. Although the giant compressive (negative) magnetostriction above 1000 ppm was just detected for the Fe-33 at%Sm in Fe-Sm crystalline alloy, the giant magnetostriction (GM) over 1000 ppm at 1200 kA/m was observed from 24 to 34 at%Sm for Fe-Sm amorphous alloy films. The limited value of GM at 1200 kA/m was 1280 ppm of Fe-29.3 at%Sm alloy film. The giant compressive magnetostrictive Fe-Sm alloy film showed its potential use as wireless actuators with high fatigue resistance in microsystem technology.
